High-strength concrete (HSC) has highly desirable structural engineering properties, which can lead to significant cost savings in heavily loaded concrete structures. However, its use is limited by a concern regarding an increased brittleness compared to normal strength concrete (NSC), especially under complex multi-axial loading conditions. The issue of ductility is extremely important in structures subjected to earthquake loading conditions. In order to determine the lateral confinement required for a given level of ductility, the relationship between axial stress and lateral strain of confined HSC needs to be established. This paper describes a testing programme carried out to obtain the relationships between axial stress, axial strain and lateral strain for HSC under cyclic loading and subjected to constant lateral confining pressures. Compressive strengths of concrete tested were 40, 60, 80 and 100 MPa. Uniform confining pressures applied were 4, 8 and 12 MPa. The experimental results are presented and the effects of cyclic loading and confinement on the constitutive behaviour of HSC are described.
Introduction

Use of high-strength concrete
The use of high strength concrete (HSC) in building systems is increasing around the world due to many advantages it offers. As a result of ongoing progress in concrete technology, HSC is used for various practical applications such as buildings, bridges and offshore platforms. Higher load carrying capacity per unit weight has proven economic benefits in the construction of high-rise buildings and long span bridges. It offers excellent mechanical performance and durability, which result in initial and long-term cost reduction. 1 In buildings, significant reductions in column size can be achieved through HSC utilisation, which ultimately result in economic benefits such as increased floor area for rental. A major application of HSC is its use in the lower storey columns of high-rise buildings. The issue of the ductility of concrete columns has become a major concern with the introduction of HSC with compressive strengths in the range 50-100 MPa.
The reduction of ductility with the increase in concrete compressive strength is an established fact, leading many research programmes around the world to investigate methods of overcoming the constraints imposed by limited ductility. Most of these programmes are directed at observing experimentally the behaviour of HSC columns confined with a given configuration of lateral steel. A different approach was taken by a research team at Monash University in Australia 2 who studied the behaviour of HSC under triaxial compression and subsequently developed an analytical procedure for predicting the column stress-strain behaviour using a stress-strain model developed for active triaxial confinement. Present design methods for reinforced concrete members involve an elastic analysis of structures to determine the maximum design actions followed by an ultimate strength calculation for the section using the full-range stress-strain curve of the material. If the reinforced concrete section is subjected predominantly to a bending moment, a redistribution of bending moment is allowed depending on the available ductility in the section. For the members subjected to predominantly compressive forces and small bending moments (columns), design includes allowance for secondary bending moments by increasing the bending moment determined from an elastic analysis. In these members, redistribution of bending moment is not allowed and the failure is expected to be fairly brittle. In normal strength concrete (concrete with compressive strengths below 50 MPa), lateral confinement (or restraint to longitudinal steel) is expected to improve the failure to a fairly ductile mode. Current Australian design standards for concrete structures give the requirement of lateral steel in the form of the size of lateral confining steel, the configuration of confining steel in the section and the spacing of confining steel. For HSC columns such design guidelines are not available. In recent years there has been some concern regarding the use of HSC in building columns of buildings in seismic areas. Most of the structural failures during recent earthquakes were attributed to poor column behaviour. Due to the low ductility of HSC columns subjected to seismic loads, the application of it in high seismic regions requires proper designing. Due to the lack of experimental studies and design recommendations, the use of HSC frames, as a primary lateral load resisting system is not normally considered in regions of moderate to severe seismic risk.
Research significance
There are experimental studies reported in the literature for the behaviour of unconfined 3,4,5 or confined [5] [6] [7] [8] [9] normal strength concrete (20-49 MPa) subjected to cyclic axial compression. No experimental observations as such were reported for HSC in the past. The available deformational curves represent the variation of axial stress with axial strain. Since the confinement provided by lateral steel reinforcement changes with cyclic loading, developing a methodology for predicting the behaviour of columns under cyclic loading is difficult based on column tests only. Therefore a necessity arises to establish a complete deformational behaviour including both axial and lateral deformation of laterally confined HSC with cyclic axial compression. This experimental programme studied the behaviour of HSC under cyclic axial compression and uniform lateral confinement by using a triaxial cell.
Experimental procedure
The triaxial testing equipment used in the cyclic loading experiments was developed earlier for static loading. 10 The testing method used to predict the constitutive behaviour of confined HSC under cyclic loading is also described.
Testing equipment
The set-up constitutes a triaxial cell, which can accommodate a 100 3 200 mm concrete cylinder encased in a polyurethane membrane. A schematic diagram of the triaxial cell is shown in Fig. 1 . These dimensions are consistent with the widely accepted fact that larger specimens better simulate the behaviour of full-scale columns. Axial load was applied to the specimen using two loading platens inserted into the cell. The required confining pressure was applied using oil through a flexible polyurethane membrane. An Enerpac hydraulic pump was used to apply confining pressure. Maintaining a constant confining pressure during loading and unloading was achieved by connecting a precharged accumulator to the system. Linear variable displacement transducers (LVDTs) were used to measure the axial deformation of concrete. This method required the calibrations for the loading components. Although LVDTs were used to measure axial strain, each tested sample had two diagonally opposite strain gauges to verify the LVDT readings until the peak stress was achieved. To monitor the lateral strains during cyclic loading, a strain measuring system developed in-house, which constitutes a piano wire connected to two strain gauged arms was used. The wire was attached around the concrete specimen, touching at stud points penetrating the membrane. The strain measuring system was designed to function while immersed in fluid under pressure. The accuracy of the lateral strain measurement was verified using strain gauges until the strain gauges reached their limits. The specimen with two ends properly ground, pores filled with plaster and enclosed in a membrane, was accommodated in the triaxial cell. This was connected to the hydraulic pump through a hole in the middle of the cell body, which was used to apply the confining pressure. A pressure accumulator connected parallel with this was utilised to maintain the required confining pressure.
A servo-controlled Amsler Compression Testing Machine, which has a maximum load capacity of 5000 kN, was used to provide the axial load. A commercially available data logging system 'Data Taker, DT100' was used as the data acquisition system, which required a host computer for entering commands, reading the returned data and for managing the output channels.
Testing method
Four compressive strengths were used as testing variables, which demonstrate the behaviour of a range of HSC (60, 80 and 100 MPa) and 40 MPa was also used for comparison with NSC. The concrete batches were designated as U40, U60, U80 and U100; 'U' representing uniaxial and numbers representing target compressive strengths. General purpose Portland cement (Type GP) was used, along with crushed basalt of maximum aggregate size of 14 mm as coarse aggregate. Superplasticiser (Rheobuild) was also used in U80 and U100 batches. Mix proportions for each batch are given in Table 1 . Table 2 gives the 28 day strengths and the strength and the age at time of testing for all batches.
The size of the specimens cast is 98 3 100 mm. The 98 mm diameter of the specimen was obtained by inserting a 1 mm thick sheet of plastic sleeve in a 100 mm diameter mould. This reduction in the diameter eased the removal of the tested specimens from the membrane in triaxial testing. The specimens were demoulded in 24 h after casting and bath cured at 238C. The specimens were taken out at 28 days, ground properly at both ends and specimen pores were filled with casting plaster to prevent membrane damage. Two axial and two lateral strain gauges were placed at the middle third of the specimen. Once the triaxial cell was in place in the 5000 kN capacity hydraulically operated Amsler testing machine, a small vertical load was applied to make sure the cell was secured, before applying confining pressure. The testing machine was then set to displacement control of 0·125 mm vertical displacement every one minute. The full confining pressure was applied at the very beginning and maintained constant while the axial load was increased and decreased through the loading cycles.
In Stage 1, a number of unloading points (both from ascending and descending branches) were used. The loading and unloading process was done for 3 to 4 cycles increasing the strain at the point of unloading with every cycle until the load dropped to approximately about 70% of the maximum load after reaching the peak load. There was one cycle before peak stress and 2 or 3 cycles after peak stress. In Stage 2, loading and unloading process was done for a number of cycles keeping the strain at the point of unloading constant with every cycle until the load dropped to approximately about 70% of the maximum load after reaching the peak load. The time taken for the complete testing of a confined specimen for about 4-5 cycles varied from 2 to 3 h depending on the degree of confinement and the stage of testing. A diagram of experimental setup is shown in Fig. 2 .
Experimental results
The results obtained for U40, U60, U80 and U100 are shown in Figs 3, 4, 5 and 6 respectively.
Discussion
Ductility of the specimen with 12 MPa confining pressure in 60 MPa batch is higher compared to that of the specimen with 8 MPa confining pressure. However, the specimen with 8 MPa confining pressure shows a brittle behaviour. Ductility of the specimen with 8 MPa confining pressure in 80 MPa batch is higher compared to that of the specimen with 4 MPa confining pressure. However, the specimen with 12 MPa confining pressure shows a brittle behaviour. When the stress-strain curves for 40 MPa and 100 MPa batches are consid- ered, a significant ductility improvement is not shown when the confining pressure is increased. 'It is commonly believed that the monotonic loading curve forms an envelope of curves for the cyclic loading.' This form of modelling has been developed by past researchers for unconfined and confined NSC. 4, 5 However, for HSC, this is only valid in the ascending branch. In the descending branch certain modifications are needed to this envelope curve in HSC. In this case, envelope curve has to be scaled down.
Poisson's ratio is an important parameter specially when lateral confinement is involved. When the monotonically increasing loading is considered, initial Poisson's ratio was a constant for a particular concrete strength 2 at the 'initial elastic region'. This 'initial elastic region' was defined using â l (axial stress to peak stress ratio), which is 0·7 for compressive strengths less than 40 MPa and 0·8 for compressive strengths greater than 60 MPa. 2 When loaded beyond the initial elastic region Poisson's ratio rapidly increases to higher values. 2 From the experimental results in this study, it is found that Poisson's ratio decreases when the unloading occurs in the initial elastic region. This can be observed in Figs 3, 4, 5 and 6 where the unloading of axial strain curves and lateral strain curves show significantly different behaviour in the initial elastic region. The axial strain curves unload parallel to the initial tangent modulus whereas the lateral strain unloads along the same loading curve.
In Stage 1 of the experiments, the stress reduction in each unloading-reloading cycle varies depending on the coordinates at the unloading point. This is compatible with the experimental results reported in the literature for NSC. 3, 4, 5, 9 In Stage 2 of the experiments, when there are a number of cycles from the same unloading strain, the stress reduction is increasing with the increasing number of cycles. This has been proven to be true by past researchers for NSC. 9 There is a small difference in the thickness of the loops depending on the unloading stress and the number of cycles in the results reported in this paper. This was the same with the experimental results reported for NSC. 5, 9 However, some of the experimental results shown for NSC show that the thickness of the loops increases with increasing unloading strain. 3, 4 Measurement of both axial and lateral strain versus axial stress in cyclically loaded concrete was successfully completed in this experimental programme. Although there are a few experimental works reported in the literature 5 for cyclic loading of confined NSC, they do not report the behaviour of stress with lateral strain. Therefore the prediction of the behaviour of confined concrete subjected to axial cyclic loading has to be based on the results of column tests in the literature which used passive confinement, which requires several assumptions regarding the effective confinement. In order to model the behaviour of a confined column subjected to cyclic load, accurate information about the lateral expansion/contraction of confined concrete is required. On the other hand, in the literature many studies are reported for the member and structure behaviour subjected to cyclic loading conditions, which are based on empirical equations for the material behaviour of concrete. Therefore the proposed experimental results in this paper will be a major step in developing a material model for HSC subjected to cyclic loading which can later be used to predict member and structure behaviour under the same loading conditions. 
Conclusion
The following conclusions can be made from the experimental results reported in this paper.
(a) It is a generally agreed fact among the researchers that the monotonic loading stress-strain curve is assumed to form the envelope curve for the cyclic loading stress-strain response. According to the Poisson's ratio. When reloading occurs after this unloading, the axial and lateral strains and Poisson's ratio values will return to the same values as before the unloading occurred. loop, stress reduction (damage) in each unloading reloading cycle and the slope of the unloading curves (plastic strain) vary depending on the unloading point (strain and stress), uniaxial strength of concrete and applied confining pressure. (e) In Stage 2 of the experiments about 20% decrease in stress is achieved with about 2-3 cycles in 4 MPa confining pressures whereas the same is achieved in about 10 cycles in 12 MPa confining pressures.
